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Abstract: In this study, expanded graphite and natural graphite were introduced into resin-based friction
materials, and the tribological behavior of the composites was investigated. The tribo-performance of the two
friction composites was evaluated using a constant speed friction tester. The results showed that the expanded
graphite composite (EGC) displayed better lubricity in both the fading and the recovery processes. The wear rate
of the EGC decreased by 22.43% more than that of the natural graphite composite (NGC). In the fading process,
and the EGC enhanced the stability of the coefficient of friction. The recovery maintenance rate of the NGC was
4.66% higher than that of the EGC. It can be concluded that expanded graphite plays an important role in the
formation of a stable contact plateau and can effectively reduce the wear.
Keywords: natural graphite; expanded graphite; tribological behavior; wear mechanism

1

Introduction

Non-asbestos organic (NAO) friction materials, such
as multi-ingredient polymer matrix composites with
complex formulations, are used extensively in the
transportation and mechanical industries. The formulation of friction materials is one of the most
complex tasks in the area of materials science. Four
main categories of raw materials exist for creating
resin-based friction materials, specifically binders,
intensifiers, friction modifiers, and fillers. The friction
modifier category includes both abrasives and solid
lubricants [1, 2].
Solid lubricants play an important role in reducing
the wear rate [3, 4] and in facilitating smooth-sliding
and a stable coefficient of friction under a wide range
of pressures, speeds, and environmental conditions
[5]. Due to their high thermal conductivity, layered
structure, capacity for dispersing friction-generated
heat, and relatively stable coefficients of friction,

natural graphite (NG) and synthetic graphite are often
used as solid lubricants in friction materials [6–8].
Kolluri et al. [9] demonstrated the particle size effect of
NG in friction composites on the thermal localization
phenomenon in braking. They found that the composites
containing smaller graphite particles achieved better
results than those with larger particles. Baptista et al.
[10] investigated the effect of high content graphite on
the tribological and mechanical behavior of epoxy-based
composites, suggesting that an increase in graphite
filler could reduce the fatigue-related wear experienced
by epoxy resin. Other types of graphite have also
been studied, but are not the focus of this particular
paper [11].
Despite the research undertaken to date, achieving
desired performance levels using NG still poses a major
challenge due to its low dispersion and thermal conductivity in composite materials. Some studies have
approached the problem by experimenting with varieties
of specially treated graphite with higher thermal
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conductivity. Panda et al. [12] proposed a heat-treated
graphite, which achieved better lubrication within a
certain pressure range. Aranganathan and Bijwe [7, 13]
investigated the tribological behavior of graphite
composites with high thermal conductivity and found
these showed a lower rate of wear. These results indicate
that thermo-graphite offers improved lubricity and
wear resistance to friction.
Expanded graphite (EG) is also a specially treated
graphite, produced by further expansion of NG after
high-temperature expansion. EG offers a high surface
area (100–380 m2/g), abundant structural defects,
residual oxygen-containing groups, sufficient reinforcing
capacity, valuable barrier properties, and good heat
conductance [14]. Due to EG’s unique structure it can
be combined with other materials to improve both
their thermal and adsorption properties [15, 16]. Dinker
et al. [17] investigated the efficacy of a beeswax/EG
composite as a thermal storage material, finding
that the combination of high thermal stability and
lubrication effect made this material a promising
candidate for new tribological materials for enhanced
wear resistance. They showed that the wear rate of a
polytetrafluoroethylene (PTFE)/EG composite can be
reduced by up to 50% more than that of a commercial
grade PTFE/graphite composite [18]. Wang et al. [19]
found that nitrile-butadiene rubber/EG nanocomposites
exhibited better wear resistance than micro-composites,
and Jia et al. [20] showed the effects of nanoscale
EG on the frictional and wear behaviors of polyimide
(PI)-based friction material. The best tribological properties and the lowest wear rate were obtained at a
nanoscale EG content of 15%. The effect of ultrasound
treatment of EG (5 wt%) on the tribological behavior
of PTFE/EG composites was also studied, with results
indicating that the wear rate of composites could be
reduced more than twenty-fold by increasing the
tribochemical wear resistance mechanism [14]. From
these studies it can be concluded that EG exhibits good
lubricity and wear resistance, and thus has potential
for use in a NAO friction system.
On the basis of the findings outlined above, EG and
NG are introduced into the NAO friction materials
system in this work to produce expanded graphite
composite (EGC) and natural graphite composite (NGC),
respectively, and the friction performance of each
composite is systematically tested and measured. In

order to discuss the effect of solid lubricants on the
friction properties more accurately, the composition
of the composites is simplified. Although there is no
abrasive in the friction material formula, it does
allow for the testing of certain tribological behavior
relevant to the use of solid lubricant.

2 Materials and methods
EG and NG were procured from Qingdao Pingdu
Xinsheng Graphite Co., Ltd., China. Both kinds of
graphite were analytical reagents with a carbon content
greater than 99% and a mesh number of 100.
2.1 Characterization of graphite
Figures 1 and 2 show the X-ray diffraction (XRD)
patterns and scanning electron microscopy (SEM)
micrographs for the obtained NG and EG, respectively.
As shown in Fig. 1, six clear diffraction peaks are
observed at 26.43°, 42.05°, 43.60°, 49.02°, 50.96°, and
54.58° for EG. These diffraction peaks can be indexed
to corresponding lattice planes at positions (002), (100),
(101), (300), (102), and (004) of the hexagonal graphite
(JCPDS Card No. 25-0284). In contrast, there are only
two main diffraction peaks for NG, which can be
observed at 26.70° and 54.70°. Compared to NG, the
diffraction peak of lattice plane (002) for EG is broader
and of lower intensity, 0.27° lower than that of NG,
with a lattice constant that is 0.034 Å higher. This
indicates that expanded graphite has larger interlayer
spacing. In fact, the diffraction peak at the (002) crystal
surface may shift a degree further to the left because

Fig. 1 XRD patterns of NG and EG.
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Fig. 2 SEM micrographs of (a–b) NG and (c–d) EG.

the surface of the sample must be flattened before the
test, impacting the results.
As shown in Fig. 2, the morphology of the two types
of graphite differs significantly. Figure 2 shows the
NG comprises of closely arranged flakes, whereas the
EG can be seen to be porous with a much larger
interlayer spacing than that of the NG. The EG layer
spacing ranged from 5 to 10 μm, whereas the lamella
thickness of the graphite was almost identical, 50 nm.
The spacing of the graphite cells in the (002) crystal
plane was 0.33 nm. Therefore, even if the EG’s small
interlayer spacing was to increase, the offset of the XRD
pattern of the two types of graphite would not increase.
This is consistent with the results as shown in Fig. 1.
2.2

Formulation and designation of the friction
composites

Preparation of friction specimens

Aramid pulp was first mixed to prevent it from
agglomerating, and then other ingredients were added.
All the ingredients were mixed four times using a
high-speed mixer. Then, friction specimens were
prepared by hot-press molding under a pressure
of 80 MPa at 160 °C for 6 min. Three interrupted
respirations of 4 s duration were followed by a hot
pressing period to expel volatiles including the gas
produced by the phenolic resin’s crosslinking process.
The pressed friction specimens, 25 mm × 25 mm ×
6 mm in size, were removed from the mold and
maintained at 180 °C for 4 h in a hot oven to release
internal residual stress. Finally, they were polished
with an abrasive paper to ensure larger contact areas for
friction performance measurement. The final density
was 2.13 g/cm3 for both composites.
2.4

Tribological testing set up and test procedure

The friction behavior of NGC and EGC was evaluated
using a constant speed friction tester (model: XD-MSM,
Xianyang Xinyi friction sealing equipment Co., Ltd.)
according to Chinese national standard GB 5763-2008.
As shown in Fig. 3, the disc was positioned at the
bottom and the specimens were fixed above the disc.
In order to obtain more reliable test data, specimens
of two identical components were placed in the
corresponding slot above the disc.
During the test, the disk rotated continuously at
7.85 m/s. The pressure on the specimen was kept at
0.98 MPa. The disc was HT-250 gray iron (HB: 180–220;

Friction composites were designed (denoted NGC and
EGC, respectively) with equal parent composition,
but differing in terms of solid lubricant composition,
as listed in Table 1. Straight phenolic resin was provided
by Jinan Shengquan Co., Ltd., China (model: PF8616).
Aramid pulp with an average diameter of 3 μm was
obtained from Changzhou Bangguan Chemical Co.,
Ltd., China.
Table 1 Ingredients and mass fraction (wt%) of the friction
composites.
Phenolic resin

Aramid pulp

Barite

NG

EG

NGC

15

20

60

5

0

EGC

15

20

60

0

5

Fig. 3 Schematic of the friction tester showing the installation
position of the specimens.
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Ra = 0.1–0.2) with a radius of 15 cm, capable of producing a moment of inertia of 0.26 kg·m2. All the
specimens were ground at 100 °C before the formal
test to ensure a contact area greater than 95%.
The friction performance test is divided into two
sections, namely the fade and recovery processes,
corresponding to the heating and cooling processes,
respectively. The temperature was raised in 50 °C
increments from 100 to 300 °C, with the temperature
remaining constant for 10 min at each incremental
step. At each aforementioned increment, the computer
was connected to the tester and automatically recorded
the coefficient of friction and mass of each specimen
for that particular temperature. The heat needed to
increase the temperature came from 2 sources, heating
pipes and the friction generated by the experiment.
Cooling was dependent on the circulation of water
under the disc, controlled by solenoid valves. The
temperature was measured using a thermocouple.
The wear experienced by the specimens was determined using the weight of each as recorded before
and after each temperature test. The wear rate was
calculated using the following equations:
Wear rate (wt%) =

m1  m2
 100%
m1

Total wear rate (wt%) =

m3  m4
 100%
m3

(1)

(2)

where m1 and m2 are the weight before and after the
test at each specific temperature, respectively, and m3
and m4 are the weight before and after the full testing
period, respectively.
According to Ref. [21], the fade ratio and recovery
ratio are defined as follows:
Rfade 

f  350  C

Rrecovery 

f  max

 100%

r 100 C
r  max

as a percentage of the arithmetic average. CV can be
used to measure the relative degree of dispersion of
the coefficient of friction. As such, the stability of the
coefficient of friction in the fade and recovery processes
was measured using CV. The lower the value of CV,
the better the stability of the coefficient of friction, as
follows:
CV 



 100%

(5)

where  is the average coefficient of friction, and  
is the standard deviation of the coefficient of friction.
XRD patterns were collected using an X’Pert Pro X
diffractometer equipped with Cu Kα radiation (λ =
0.15416 nm). Following the tribological performance
testing, the microstructure of the two types of graphite,
their wear surfaces, and the corresponding crosssectional views of their friction composites were
observed using an HR-FESEM (model: SU8010, Hitachi
company) in order to determine their friction and
wear mechanisms.
A synchronous heat analyzer (model: STA 449F3,
NETZSCH company) was used to characterize the
weight loss of the specimens before and after the
friction test. The specimens were dried in an oven at
80 °C for 1 h before the heat analysis test. The test temperature range was from room temperature to 800 °C.
The test was carried out in a simulated air atmosphere
consisting of nitrogen and oxygen, at a heating rate of
3 °C/min. The weight of all specimens was approximately 8 mg. During the test, the nitrogen and oxygen
flow rates were maintained at 50 and 20 ml/min,
respectively. The specimen was well dispersed.
In the process of testing, each formula was set up
with three groups in parallel, and the average values
of the three groups were analyzed.

(3)

3
 100%



(4)

where μ is the coefficient of friction, f is the coefficient
of friction of the fade process (heating process), and
μr is the coefficient of friction of the recovery process
(cooling process).
The coefficient of variation (CV) is a measure of
relative dispersion. It describes the standard deviation

3.1

Results and discussion
Tribological performance

In this section, the coefficient of friction and the wear
rate during the fade and recovery processes are
explained, with the results shown in Figs. 4 and 5.
Moreover, several different methods are used to
describe the stability of the coefficient of friction, as
shown in Fig. 6.
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Fig. 6

Fig. 4 Coefficients of friction for: (a) fade process and (b)
recovery process.

material to become softer and easier to scratch [22].
In the recovery process, especially at temperatures
above 250 °C, the surface of the disc was easily
scratched by hard particles.
The increased coefficient of friction resulted from
scratching caused by the pairing disc at high temperatures. With decreasing the temperature, the
scratched debris fell onto the surface of the disc, creating
a compacted area in a process termed falling compaction.
This compacted area is often called the secondary
plateau, and can easily accumulate to form a thicker
friction layer which can reduce the coefficient of friction
and prevent further particle loss. Figure 4 clearly
shows that EGC maintained a lower coefficient of
friction than NGC throughout the testing process,
probably due to the enhanced EG’s self-lubrication.
Although the coefficient of friction was reduced to a
certain extent, it could still be maintained within the
0.3–0.5 range while ensuring the braking effect.
3.1.2

Fig. 5 Fade ratio and recovery ratio of the friction materials.

3.1.1

Fade and recovery test

Figure 4 shows the coefficient of friction of the friction
composites with respect to the temperature.
The coefficient of friction of the specimens increased
with increasing temperature during the fade testing
process (Fig. 4(a)). As shown in Fig. 4(b), the coefficient
of friction of the specimens increased when the
temperature decreased from 300 to 250 °C during the
recovery process, but conversely, decreased when
the temperature decreased in the subsequent process.
The reason for the increase in the coefficient of friction
during the fade process is that the resin undergoes
glass transition, causing the matrix of the friction

Stability of the coefficient of friction: CV.

Fade ratio and recovery ratio

The fade ratio was found to be 100% for both NGC
and EGC (Fig. 5). The study found that the coefficient
of friction of the two composites reached its maximum
at 350 °C. However, the order of the recovery ratio
indicated that NGC > EGC. The recovery rate of NGC
was 4.66% higher than that of EGC, probably because
the chemical bonds were destroyed by the graphite
intercalation on compounds in EG. It is therefore
suggested that recovery maintenance would be
dropped for porous and damaged graphite. The
results showed that NGC also had a better recovery
maintenance rate.
3.1.3

Stability of the coefficient of friction

The coefficient of variation, CV, is a key indicator used
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to demonstrate stability in braking [23–25]. The lower
the value of CV, the more stable the coefficient of
friction.
Figure 6 shows that the CV of the fade process is
significantly larger than that of the recovery process.
Therefore, the recovery process possesses better friction
stability for every specimen than the fade process does.
This may be due to the fact that the full recovery
process is shorter than the fade process, resulting in
less time for the coefficient of friction to change.
The stability of NGC is the same as that of EGC in
the recovery process. However, the stability of EGC
is better in the fade process (0.1044 < 0.1137). The
experimental results may be attributed to the fact that
EG is not easily removed from the composite during
the test, moreover, causes the formation of a thicker
friction layer, thus ensuring the stability of the friction
performance.
3.2

Wear performance

The weight-loss measurements were made for every
specimen at each specific temperature after 5,000
revolutions. Figure 7(a) shows that the wear rate
of EGC is lower than that of NGC, especially for the
high-temperature period. The wear resistance of the
friction materials was improved remarkably by the
presence of porous EG. This may be attributed to
the fact that other powders become coated with
porous EG. Figure 7(b) shows the total wear rate over
the full testing period. It can be seen that the total wear
rate of EGC is lower, consistent with the results shown
in Fig. 7(a). The total wear rate decreased from 3.70%
to 2.87%.
3.3

Fig. 7 Effect of graphites with different microstructures on the
wear rate of the friction materials: (a) wear rates at different
temperatures and (b) the total wear rate.

Worn surfaces analysis

The wear rate of EGC decreased by 22.43% compared
to that of NGC. The results showed that the EG’s
larger interlayer spacing and porous microstructure
enable EG to coat other composite powders, and
thereby to improve the wear resistance of EGC. It can
be concluded that porous EG can be used as a solid
lubricant to improve the wear resistance of composites.
In order to further understand the effect on the
wear mechanism of graphite varieties with different
microstructures, the worn surfaces and corresponding
cross-sectional views of the friction layers of composites
were examined. Figure 8 shows the SEM micrographs

Fig. 8 SEM micrographs of worn surfaces and cross sections of
the friction materials after testing: (a, c, e) NGC and (b, d, f) EGC
((a, b): 250×, (c, d): 1000× , and (e, f) cross sections: 200×).

of the worn-out surfaces of the NGC and the EGC
specimens. From Figs. 8(a) and 8(c), it can be seen
that the worn surface of NGC was severely damaged.
It has a rough gully with primary plateaus and debris
aggregates. In Fig. 8(c), we can also see the plastic
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deformation area. With the increase in temperature,
the frictional contact surface gradually changed from
an elastic state to a plastic state, resulting in more
debris. The primary plateaus were derived from the
removal of the least hardy component of the friction
composites, the aramid pulp, being worn out and
leaving barite protruding from the surface. This caused
the surface to be scratched, rapidly further increasing
both the wear and the wear rate.
Figures 8(b) and 8(d) show that, after the fractioning
test, the surface of EGC is smooth, whereas NGC has
clear scratches. As shown in the worn surfaces and
relevant cross-sectional diagrams of the specimens
(Figs. 8(d) and 8(f)), the friction layers mainly composed
of component-dense composite aggregates and
relatively compact secondary plateaus. Although the
composite particles of EGC were exposed, the existence
of dense composite aggregates and secondary plateaus
prevented further particle loss.
Figures 8(e) and 8(f) show the difference in the
thickness of the friction layer between the NGC
(35.2 μm) and the EGC (29.4 μm). The EG is believed
to aid in the formation of a thick friction layer, which
assists in decreasing the wear rate and extending
the service life [26–28]. This result is consistent with
the wear rate and stability of the coefficient of friction
mentioned above.
3.4

Thermogravimetric analysis

A synchronous heat analyzer was used to characterize
the weight loss of the specimens before and after testing.
Figure 9 shows the thermogravimetric analysis (TGA)
curve of the friction-composite specimens before and
after the friction test. The decomposition of all the
specimens can be divided into three stages.
Given the basic properties and content of each reagent
used in our experiments, the decomposed substances
in the primary stage should be small organic molecules
in the resins and adsorbed water. The second stage is
due to the decomposition of phenolic resin and aramid
pulp, together with some impurities in barite, and
the last stage is the oxidation of graphite. The weight
of all the specimens before the tests was greater than
after the test. The specimens were most vulnerable
to damage due to high temperature and pressure in
the friction testing process. Considering the change
in the 600–750 °C curve, it can be inferred that the

Fig. 9 TGA curves of friction composites before and after testing.

decomposition of this stage involved graphite, due to
a mass loss of5%.
The residual weight of EGC was lower than that of
NGC. At the last stage, the decomposition temperatures
of 1#, 2#, 3#, and 4# were 648, 632, 634, and 631 °C,
respectively. EGC had a higher decomposition
temperature than NGC both before and after the test,
indicating that the addition of EG created a synergistic
effect thereby making the composite effective, improving the tribological properties and increasing the
service life of the composites. This is in accordance
with the results of the above wear morphology and
wear rate results for the two specimens.
From the above results, we can conclude the
mechanism of tribological behavior. As previously
stated, EG has larger interlayer spacing and a more
porous structure than NG. During the preparation
of EGC, some phenolic resin particles and aramid
pulp may enter into certain EG layers; the phenolic
resin will flow along EG and gradually coat the other
materials in the processes of hot pressing and curing,
forming a relatively stable network structure compared
to that of NGC. In the test process, the stripped NG
flakes and gray iron interact on the contact surface,
promoting the oxidation and cracking of the graphite
layer along the iron interface in general [29, 30].
The iron oxides enter the graphite interlayer and
participate in the formation of the friction layer.
However, EG used here has relatively large interlamellar
spacing. The iron oxide nanoparticles enter the graphite
layer directly. They form a stable, thicker friction
layer earlier than that formed in NGC in the friction
process occurring between the composite and disc,
further reducing the wear rate and increasing the
stability of the coefficient of friction. This mechanistic
analysis is consistent with the friction and wear results
described earlier.
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Conclusions

Comparing the friction and wear properties of NGC
and EGC, the following conclusions can be drawn.
(1) EGC proved excellent in the composite NGC in
terms of lubrication properties and wear resistant
performance. EGC exhibited better lubrication performance in the fading and recovery processes, with a
lower overall coefficient of friction. The coefficient of
friction could be kept in the range of 0.3–0.5 to ensure
the braking effect. The wear rate of EGC decreased by
22.43% compared to that of NGC.
(2) The EGC’s coefficient of friction is more stable
than that of NGC during the fading process. This
result may be attributed to the fact that EG is not
easily dislodged in the process of raising the
temperature, thus ensuring the stability of the friction
performance.
(3) The fading rates of NGC and EGC are the same
(100%). Nevertheless, NGC proved superior to EGC in
its recovery performance. The recovery maintenance
rate of NGC was 4.66% higher than that of EGC,
because the chemical bonds were destroyed by the
graphite intercalation in EG.
The trends and properties of EG (capability to
improve lubricity, recovery performance, and wearreducing tendency) indicate that it can be considered
an effective component to use in NAO friction
materials.

licence, and indicate if changes were made.
The images or other third party material in this
article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s
Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission
directly from the copyright holder.
To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.
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